The stability of the HIV-1 core in the cytoplasm is crucial for productive HIV-1 infection. Mutations that stabilize or destabilize the core showed defects on HIV-1 reverse transcription and infection. We developed a novel and simple assay to measure the stability of in vitro-assembled HIV-1 CA-NC complexes. The assay allowed us to demonstrate that cytosolic extracts strongly stabilize the HIV-1 core. Interestingly, stabilization of in vitro-assembled HIV-1 CA-NC complexes is not due solely to macromolecular crowding, suggesting the presence of specific cellular factors that stabilize the HIV-1 core. By using our novel assay, we measured the abilities of different drugs, such as PF74, CAP-1, IXN-053, cyclosporine, Bi2 (also known as BI-2), and the peptide CAI, to modulate the stability of in vitro-assembled HIV-1 CA-NC complexes. Interestingly, we found that PF74 and Bi2 strongly stabilized HIV-1 CA-NC complexes. On the other hand, the peptide CAI destabilized HIV-1 CA-NC complexes. We also found that purified cyclophilin A destabilizes in vitro-assembled HIV-1 CA-NC complexes in the presence of cellular extracts in a cyclosporine-sensitive manner. In agreement with previous observations using the fate-of-the-capsid assay, we also demonstrated the ability of recombinant CPSF6 to stabilize HIV-1 CA-NC complexes. Overall, our findings suggested that cellular extracts specifically stabilize the HIV-1 core. We believe that our assay can be a powerful tool to assess HIV-1 core stability in vitro.
S
oon after human immunodeficiency virus type 1 (HIV-1) enters the host cell, a poorly understood process known as uncoating takes place. The viral RNA genome in the nucleoprotein core is reverse transcribed to viral DNA (vDNA) in the reverse transcription complex (RTC), comprised of capsid protein, in addition to matrix proteins, Vpr, reverse transcriptase, and integrase (1) . Synthesis of full-length vDNA in the RTC produces the preintegration complex (PIC) (1) . Subsequently, the PIC is actively transported to the nucleus, where vDNA is integrated into cellular chromatin. In addition to proviral integration, a fraction of the viral DNA is converted into unintegrated circular forms by host cell enzymes (2) . These DNA circles do not support productive infection yet can be effective markers for nuclear import (1, 3) . In the late phase of retroviral replication, the integrated provirus produces viral RNA and transcripts translated into viral proteins, which assemble into new viral particles that are subsequently released into the extracellular milieu to initiate new rounds of infection.
In its simplest definition, uncoating is the shedding of monomeric capsids from the retroviral core or ribonucleoprotein complex. Because only ϳ40% of the total capsid in the virion comprises the retroviral core (4-6), a simple overview is that the monomeric capsid is in dynamic equilibrium with the assembled capsid (viral core). This implies that the core might exist in a metastable state only when the soluble capsid is in high concentration, keeping the equilibrium shifted toward the core formation by mass action. The fact that complexes containing capsid have been detected in the cytoplasm of cells early during infection implies that cellular factors might be involved in stabilization of the core (7, 8) .
The capsid protein is required for the successful completion of early steps of HIV-1 replication: (i) successful infection requires that capsid uncoating occur during or after reverse transcription (9-13), (ii) elegant experiments have shown that capsid is the genetic determinant for the ability of lentiviruses to infect nondividing cells (14) (15) (16) (17) , and (iii) the stability provided by the capsid protein assembled into the viral core is important for the occurrence of reverse transcription and productive infection (18) (19) (20) .
Over the years, strong assays to biochemically measure core stability have been developed, such as the fate-of-the-capsid assay, which measures core stability during infection of cells over time (13) , and an in vitro assay that follows the disassembly of isolated cores from virions (18) . Even though both assays are widely used (10, (21) (22) (23) (24) (25) (26) (27) (28) , they are laborious. A rapid assay to measure core stability remains elusive. Because the stability of the HIV-1 core is important for infection, we developed an assay to measure capsid stability in vitro using HIV-1 CA-NC complexes as a surrogate for the HIV-1 core. Using this assay, we found that cellular extracts stabilize the HIV-1 core in vitro. Our studies also revealed that the stability of the core could also be modulated by using macromolecular-crowding agents, such as bovine serum albumin (BSA) and polyethylene glycol (PEG) . Furthermore, we demonstrated that cyclophilin (Cyp) A destabilizes the HIV-1 core in vitro in a cyclosporinesensitive manner. We also tested the stability of the HIV-1 core in the presence of agents that target the HIV-1 capsid, such as PF74, cyclosporine, Bi2, I-XW-053, CAP-1, and the CAI peptide. By using this stability assay, we tested the intrinsic stability of specific capsid mutants. Finally, we tested the ability of purified CPSF6 to stabilize HIV-1 CA-NC complexes. In summary, we have developed an assay to measure the stability of the HIV-1 capsid and demonstrated the ability of cellular extracts to stabilize capsid. We believe that this assay could assist us in assessing the stability and in the future isolation of specific cellular factors that interact with capsid.
MATERIALS AND METHODS

Reagents.
A stock solution of BSA (Fraction V; Sigma) was prepared at 20 mg/ml in destabilization buffer (20 mM Tris-HCl, pH 8, 60 mM NaCl, 10 mM KCl, 2 mM MgCl 2 , 1% glycerol, 0.1% NP-40, 0.5 mM dithiothreitol [DTT] ). Similarly, a stock solution of PEG 8000 (Fisher) was prepared at 80 mg/ml in destabilization buffer. The cyclophilin A protein was a gift from Chris Aiken. The stock solution of cyclosporine (Sigma; PHR1092; 500 mg) was prepared at 10 mM in ethanol. The CAI peptide (amino acid sequence, ITFEDLLDYYGP) and the CAIctrl peptide (amino acid sequence, IYDPTLYGLEFD) were synthesized by Genescript (95% purity), and stock solutions were prepared at 10 mM in dimethyl sulfoxide (DMSO). PF74 (PF-3450074) and Bi2 were gifts from Chris Aiken. The stock solution of PF74 was prepared at 100 mM in DMSO. The stock solution of Bi2 was prepared at 20 mM in DMSO.
-sulfanyl]ethyl}-urea) was purchased from Maybridge (HTS 02911). The stock solution of CAP-1 was prepared at 20 mM in DMSO. The stock solution of I-XW-053 [4-(4,5-diphenyl-1H-imidazol-2-yl)benzoic acid] was prepared at 10 mM in DMSO.
Mutagenesis. The pET11a plasmids expressing CA-NC containing the different mutations were created by site-directed mutagenesis and confirmed by sequencing analysis.
HIV-1 CA-NC expression and purification. The HIV-1 CA-NC protein was expressed, purified, and assembled as previously described (29) . The pET11a expression vector (Novagen) expressing the CA-NC protein of HIV-1 was used to transform Escherichia coli BL-21(DE3). CA-NC expression was induced with 1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) when the culture reached an optical density of 0.6 at 600 nm. After 4 h of induction, the cells were harvested and resuspended in 20 mM Tris-HCl (pH 7.5), 10 mM 2-mercaptoethanol, and protease inhibitors (Roche). Lysis was performed by sonication, and debris was pelleted for 30 min at 35,000 ϫ g. Nucleic acids were stripped from the solution by using 0.11 volume of 2 M (NH 4 ) 2 SO 4 and the same volume of 10% polyethylenimine. Nucleic acids were pelleted by centrifugation at 29,500 ϫ g for 15 min. The protein was recovered by addition of 0.35 equivalent of saturated (NH 4 ) 2 SO 4 . The protein was centrifuged at 10,000 ϫ g for 15 min and resuspended in 20 mM Tris-HCl (pH 7.5), 100 mM NaCl, 10 mM ␤-mercaptoethanol. The protein was dialyzed against 20 mM Tris-HCl (pH 7.5) and 10 mM ␤-mercaptoethanol and applied to a 5-ml HiTrap Q HP anion-exchange column (GE Healthcare). The column was eluted using a linear gradient of 0 to 1 M NaCl in the buffer described above using ÄKTA purifier fast protein liquid chromatography (FPLC) (GE). Finally, the CA-NC protein was dialyzed against 20 mM Tris-HCl (pH 7.5), 50 mM NaCl, 1 M ZnCl 2 , and 10 mM ␤-mercaptoethanol and stored at Ϫ80°C.
In vitro assembly of CA-NC complexes. HIV-1 CA-NC particles were assembled in vitro by diluting the CA-NC protein to a concentration of 10 mg/ml in 50 mM Tris-HCl (pH 8.0), 0.5 M NaCl, and 2 mg/ml DNA oligo(TG)25 (50 bp long) (IDT). The pellet was stored at 4°C until needed.
CA-NC stability assay. To test for stability, 5 l of CA-NC particles assembled in vitro was incubated in 500 l of either stabilization buffer (10 mM Tris-HCl, pH 8, 10 mM KCl, 2 mM MgCl 2 , 0.5 mM DTT) or destabilization buffer (20 mM Tris-HCl, pH 8, 60 mM NaCl, 10 mM KCl, 2 mM MgCl 2 , 0.5 mM DTT, 1% glycerol, 0.1% NP-40) at room temperature for 1 h. An aliquot of this mixture, henceforth referred to as "input," was stored. The mixture was spun through a 3.5-ml 70% sucrose cushion (70% sucrose, 1ϫ phosphate-buffered saline [PBS], and 0.5 mM DTT) at 100,000 ϫ g in an SW55 rotor (Beckman) for 1 h at 4°C. After centrifugation, the sucrose cushion was carefully removed and the pellet was resuspended in 1ϫ SDS-PAGE loading buffer. The levels of HIV-1 CA-NC protein in the input and the pellet were assessed by Western blotting using anti-p24 antibodies. The level of cyclophilin A was determined by polyacrylamide electrophoresis, followed by staining with Coomassie blue. The sucrose solution for the cushion was prepared as weight per volume.
Preparation of cytosolic cell extracts. Cytosolic cell extracts were prepared as follows. 293T cells (10 6 ) were washed in PBS, resuspended in stabilization buffer (10 mM Tris-HCl, pH 8, 10 mM KCl, 2 mM MgCl 2 , 0.5 mM DTT), and incubated for 15 min at 4°C. By using trypan blue staining, which stains lysed cells, we determined that 40% of the cells were lysed. The lysate was centrifuged in a refrigerated Eppendorf microcentrifuge (ϳ14,000 ϫ g) for 15 min. The cell lysates were then adjusted to a final concentration of 20 mM Tris-HCl, pH 8, 60 mM NaCl, 10 mM KCl, 2 mM MgCl 2 , 0.5 mM DTT, 1% glycerol, and 0.1% NP-40. Protein levels were measured using the BMA Protein Assay Kit (Pierce). Cell extracts that were treated with 0.1 mg/ml of trypsin (1 h at 37°C) were subsequently incubated with 1 mM phenylmethylsulfonyl fluoride (PMSF) protease inhibitor (30 min at 4°C).
Sucrose gradient fractionation. Five microliters of CA-NC particles assembled in vitro was incubated in 600 l of the specified buffer at room temperature for 1 h. A portion of this mixture was stored and referred to as input. The mixture was spun through a 3-ml 40 to 80% sucrose cushion (600 l each 40%, 50%, 60%, 70%, and 80% sucrose in 1ϫ PBS and 0.5 mM DTT) at 100,000 ϫ g in an SW55 rotor (Beckman) for 45 min at 4°C. All sucrose solutions for the gradient were prepared as weight per volume. After centrifugation, 600-l fractions were carefully collected. The protein of the fractions was pelleted using methanol-chloroform precipitation as follows. Six hundred microliters of methanol was added to the fractions, followed by 150 l of chloroform and 450 l of H 2 O. The mixture was centrifuged in a refrigerated Eppendorf microcentrifuge (ϳ14,000 ϫ g) for 15 min. The upper phase was removed, and 650 l of methanol was added. The mixture was centrifuged in a refrigerated Eppendorf microcentrifuge (ϳ14,000 ϫ g) for 15 min. The supernatant was removed, and the protein pellet was dried for 15 min. The pellet was resuspended in 1ϫ SDS-PAGE loading buffer, and the levels of HIV-1 CA-NC protein were assessed by Western blotting using anti-p24 antibodies.
Western blot analysis. Detection of proteins by Western blotting was performed using anti-p24 (Immuno Diagnostics). Secondary antibodies against mouse conjugated to IRDye 680LT or IRDye 800CW were obtained from Li-Cor. Bands were detected by scanning blots using the Li-Cor Odyssey Imaging System in the 700-nm channel.
Construction of recombinant baculovirus expressing OSF-CPSF6(1-321). Recombinant baculovirus was generated using the Bacto-Bac system (Invitrogen) following the manufacturer's instructions. For construction of the transfer vector, the CPSF6(1-321) region was amplified by PCR using specific primers and cloned into the EcoRI and XbaI sites of the pFastBac-1 vector containing an OSF (One-Strep and Flag) epitope previously cloned into the BamHI and EcoRI sites of the plasmid. The correctness of the construct was confirmed by sequencing. The pFastBac1-OSF-CPSF6(1-321) vector was recombined into the bacmid by transformation of DH10 Bac cells (Invitogen). The recombinant bacmid was obtained according to the supplier's protocol. Single colonies were grown to stationary phase in 2 ml of LB medium supplemented with the necessary antibiotics (50 mg/ml kanamycin, 7 mg/ml gentamicin, and 10 mg/ml tetracycline with shaking at 300 rpm) for up to 24 h at 37°C. The bacterial pellets were resuspended in 0.3 ml of solution I (15 mM Tris-HCl [pH 8.0], 10 mM EDTA, 100 mg/ml RNase A) and 0.3 ml of solution II (0.2 N NaOH, 1% SDS) and incubated at room temperature for 5 min. Samples were treated with 0.3 ml of 3 M potassium acetate (pH 5.5) on ice for 10 min and centrifuged for 10 min at 14,000 ϫ g. The supernatant was transferred to a tube containing isopropanol and incubated on ice for 10 min. The DNA was pelleted by centrifugation for 15 min at 14,000 ϫ g at room temperature, and the pellets were washed with 0.5 ml of 70% ethanol and air dried at room temperature. DNA samples were resuspended in 40 ml Milli-Q water. The presence of the CPSF6(1-321) gene in the bacmids was confirmed by PCR using the pUC/M13 forward and reverse primers described by Invitrogen. The PCR products were sequenced to confirm the presence of the insert containing the OSF-CPSF6(1-321) construct. The bacmid was then used to generate the corresponding recom-binant baculovirus according to the supplier's protocol as described previously (30, 31) . Briefly, the bacmid was transfected into Spodoptera frugiperda (SF9) cells using Lipofectamine Plus reagent (Invitrogen). The cells were incubated at 28°C in SF-900 II serum-free insect cell medium (Invitrogen) for 3 days, and recombinant viruses expressing CPSF6(1-321) were harvested (P1 viral stock). For amplification of the P1 viral stock, a monolayer culture (2 ϫ 10 6 cells/ml) was infected with 0.5 ml of P1 viral stock. The P2 viral stock was harvested 3 days postinfection. Expression of OSF-CPSF6(1-321) was analyzed in SF9 cells infected with P2 viral stocks by Coomassie staining and Western blotting using anti-FLAG antibodies.
CPSF6(1-321) expression in insect cells. Sf9 insect cells (7.5 ϫ 10 8 ) growing in suspension were infected with 5 PFU/cell of the recombinant baculovirus and incubated at 28°C for 72 h. All subsequent steps were carried out at 4°C. Cells were collected by centrifugation at 500 ϫ g for 8 min, resuspended in 60 ml of lysis buffer [250 mM NaCl, 50 mM Tris (pH 8.0), 1.5% Triton X-100, 1 mM Tris-(2-carboxyethyl)phosphine hydrochloride (TCEP), and mammalian protease inhibitor cocktail (Sigma)]. The lysate was clarified by centrifugation (20,000 ϫ g; 40 min), filtered (0.45 m), and incubated in 1.5 ml StrepTactin Superflow affinity resin (Qiagen). The bound protein was washed three times with 15 ml of buffer (50 mM NaCl, 50 mM Tris [pH 8.0], 1 mM TCEP) and eluted with washing buffer supplemented with 2.5 mM D-desthiobiotin. The eluate was analyzed by SDS-PAGE and Western blotting using anti-FLAG antibodies.
RESULTS
Novel assay to measure the stability of HIV-1 CA-NC complexes in vitro. To measure HIV-1 core stability, we developed an assay that measures the stability of HIV-1 CA-NC complexes in vitro (Fig. 1) . The assay consists of incubating HIV-1 CA-NC complexes with different agents and subsequently measuring the remaining amount of assembled HIV-1 CA-NC complexes using a sucrose cushion. Using this assay, we initially screened for a buffer with the capability to destabilize in vitro-assembled HIV-1 CA-NC complexes. We incubated in vitro-assembled HIV-1 CA-NC complexes with different buffers and measured the remaining amount of assembled HIV-1 CA-NC complexes using a 70% sucrose cushion (Fig. 1) ; only assembled HIV-1 CA-NC complexes pelleted in a 70% sucrose cushion. We found a buffer that completely destabilized the in vitro-assembled HIV-1 CA-NC complexes and called it destabilization buffer (DB): 20 mM Tris-HCl, pH 8, 60 mM NaCl, 10 mM KCl, 2 mM MgCl 2 , 0.5 mM DTT, 1% glycerol, 0.1% NP-40. The buffer that preserved the stability of HIV-1 CA-NC complexes was named stabilization buffer (SB): 10 mM Tris-HCl, pH 8, 10 mM KCl, 2 mM MgCl 2 , 0.5 mM DTT. This assay measures the stability of in vitro-assembled HIV-1 CA-NC complexes. Next, we decided to explore the conditions that stabilize or destabilize in vitro-assembled HIV-1 CA-NC complexes.
Cellular extracts stabilized in vitro-assembled HIV-1 CA-NC complexes. To test the ability of cellular extracts to stabilize in vitro-assembled HIV-1 CA-NC complexes, we incubated HIV-1 CA-NC complexes in the DB buffer supplemented with cellular extracts from 293T cells. As shown in Fig. 2A , DB containing ϳ2.5 mg/ml of protein extracts from 293T cells stabilized HIV-1 CA-NC complexes. These results suggested that cellular extracts stabilized HIV-1 CA-NC complexes. Interestingly, heat inactivation of cellular extracts for 30 min at 100°C destroyed their ability to stabilize HIV-1 CA-NC complexes. Heat inactivation of cellular extracts at 50°C or 70°C for 30 min was less effective in eliminating their ability to stabilize HIV-1 CA-NC complexes (data not shown). In agreement with these results, treatment of cellular extracts with 0.1 mg/ml of trypsin decreased their ability to stabilize HIV-1 CA-NC complexes to a minor extent compared to heat inactivation.
Next, we explored the possibility that nucleic acids from the extracts stabilize HIV-1 CA-NC complexes. For this purpose, we treated cellular extracts with 100 U/ml of the nuclease Benzonase (Novagen), which digests DNA and RNA. As shown in Fig. 2B , treatment with Benzonase did not affect the ability of cellular extracts to stabilize HIV-1 CA-NC complexes.
To further characterize the stabilization properties of cellular extracts, we separated the HIV-1 CA-NC complexes using a 40 to 80% sucrose gradient (Fig. 2C) . Similarly, HIV-1 CA-NC complexes were stabilized in the presence of DB supplemented with cellular extracts. Treatment of cellular extracts by heat or trypsin did not affect the overall protein concentrations (Fig. 2D) . Taken together, these results suggested that cellular extracts contain factors that stabilized the HIV-1 core.
Stabilization of HIV-1 CA-NC complexes by cellular extracts could be due to a specific activity in the cellular extracts or to macromolecular crowding (32, 33) . To distinguish between these two possibilities, we studied the ability of DB buffer supplemented with 3 mg/ml of BSA to stabilize HIV-1 CA-NC complexes. As shown in Fig. 3A , DB buffer supplemented with 3 mg/ml of BSA cellular extracts for 1 h, and the mixture was layered onto a 70% sucrose cushion as described in Materials and Methods. A fraction of the sample was saved as input. After the cushion was spun at 100,000 ϫ g for 1 h, the pellet was resuspended and used for further analysis. Input and pellet samples were analyzed by Western blotting using anti-p24 antibodies. Where indicated, cellular extracts were heat inactivated at 100°C for 30 min or treated with trypsin at a final concentration of 0.1 mg/ml. As a control, HIV-1 CA-NC complexes were incubated in SB. (B) HIV-1 CA-NC complexes were also incubated with cellular extracts pretreated with the nuclease Benzonase. After the mixture was layered onto a 70% sucrose cushion, the pellet was resuspended and used for further analysis. Input and pellet samples were analyzed by Western blotting using anti-p24 antibodies. (C) Similarly, HIV-1 CA-NC complexes were incubated in destabilization buffer supplemented or not with cellular extracts for 1 h at room temperature. Subsequently, samples were layered onto a 40 to 80% sucrose gradient and centrifuged at 100,000 ϫ g for 45 min as described in Materials and Methods. After centrifugation, the different fractions from the gradient were analyzed by Western blotting using anti-p24 antibodies. As a control, a gradient analysis was also performed on HIV-1 CA-NC complexes incubated in stabilization buffer for 1 h at room temperature. (D) Protein concentrations for cell extracts in destabilization buffer under different conditions as described above. Experiments were repeated at least three times, and fluorescence quantification of the percentage of pelleted CA-NC with respect to input is shown with standard deviations. h in destabilization buffer supplemented with a final concentration of 3 mg/ml of cellular extracts or BSA. A fraction of each sample was stored as input. Samples were layered onto a 70% sucrose cushion and centrifuged at 100,000 ϫ g for 1 h. The pellets were resuspended and used for further testing. Input and pellet were analyzed by Western blotting using anti-p24 antibodies. As a control, the stability of HIV-1 CA-NC complexes was measured in stabilization buffer. (B) Protein concentrations for destabilization buffer supplemented with cell extracts and BSA. (C) Similarly, the stability of HIV-1 CA-NC complexes was studied in destabilization buffer supplemented with increasing concentrations of BSA. As a control, the stability of HIV-1 CA-NC complexes incubated in stabilization buffer was measured. (D) HIV-1 CA-NC complexes were incubated in DB supplemented with a final concentration of 3 mg/ml cellular extracts or 10 mg/ml BSA for 1 h at room temperature. A fraction of each sample was stored as input. Subsequently, samples were layered onto a 40 to 80% sucrose gradient and centrifuged at 100,000 ϫ g for 45 min as described in Materials and Methods. After centrifugation, the different fractions from the gradient were analyzed by Western blotting using anti-p24 antibodies. As a control, the stability of HIV-1 CA-NC complexes incubated in SB was measured. (E) Stability of HIV-1 CA-NC complexes in destabilization buffer supplemented with increasing concentrations of the crowding agent PEG 8000. As a control, the stability of HIV-1 CA-NC complexes incubated in stabilization buffer was measured. Experiments were repeated at least three times, and fluorescence quantification of the percentage of pelleted CA-NC with respect to input is shown with standard deviations. showed a minor contribution to the stability of HIV-1 CA-NC complexes compared to cellular extracts. Cellular extracts at 3 mg/ml of total protein showed a more potent stabilization effect than BSA (Fig. 3A and B) . These results suggested that the stabilizing effects of cellular extracts are the result of specific factors and macromolecular crowding. To further characterize the macromolecular-crowding effect, we studied the stability of HIV-1 CA-NC complexes on DB supplemented with increasing concentrations of BSA (Fig. 3C) . Increasing concentrations of BSA strongly stabilized the HIV-1 CA-NC complexes, suggesting that protein-crowding effects play an important role in the stability of HIV-1 CA-NC. We also explored the effect of BSA using a sucrose gradient (Fig. 3D) . These results showed that 10 mg/ml BSA strongly stabilized the HIV-1 CA-NC complexes, comparable to the stability provided by the SB. In addition, the crowding effect was also tested using PEG 8000. As shown in Fig. 3E , DB supplemented with increasing amounts of PEG 8000 stabilized the HIV-1 CA-NC complexes, suggesting that macromolecular crowding increases the stability of the HIV-1 core in the cytosol.
Cyclophilin A decreases the stability of HIV-1 CA-NC complexes in vitro.
To test the ability of cyclophilin A to affect the stability of the in vitro-assembled HIV-1 CA-NC complexes, we incubated HIV-1 CA-NC complexes in DB buffer supplemented with cellular extracts using increasing amounts of purified cyclophilin A (Fig. 4A) . Interestingly, cyclophilin A destabilized HIV-1 CA-NC complexes, and the effect could be prevented by the use of 10 M cyclosporine (Fig. 4A) . These experiments suggested that the binding of cyclophilin A to capsid destabilizes HIV-1 CA-NC complexes. As a control, we performed the same experiments in DB without cellular extracts and showed the inability of recombinant Cyp A to stabilize HIV-1 CA-NC complexes (Fig. 4B) .
Because cyclophilin A is in cellular extracts, we tested the stability of HIV-1 CA-NC complexes in cellular extracts using increasing concentrations of cyclosporine (Fig. 4C) . Our results suggested that cyclosporine does not have an impact on the ability of cell extracts to stabilize HIV-1 CA-NC complexes. As a control, we also tested whether cyclosporine increases the stability of HIV-1 CA-NC complexes in DB alone. These results showed a very small supplemented (A) or not (B) with cell extracts using increasing amounts of the protein cyclophilin A was measured. Similar experiments were performed in the presence of cyclosporine. As a control, the stability of HIV-1 CA-NC complexes incubated in stabilization buffer was measured. (C and D) Similarly, the stability of HIV-1 CA-NC complexes in destabilization buffer supplemented (C) or not (D) with cell extracts using increasing amounts of cyclosporine was measured. As a control, the stability of HIV-1 CA-NC complexes incubated in stabilization buffer was measured. Experiments were repeated at least three times, and fluorescence quantification of the percentage of pelleted CA-NC with respect to input is shown with standard deviations. increase in stability when cyclosporine was used at increasing concentrations, which might be due to a crowding effect (Fig. 4D) .
The peptide CAI decreases the stability of HIV-1 CA-NC complexes. Previous work demonstrated that the peptide CAI is an inhibitor of HIV-1 assembly in vitro (34) ; however, the effect of CAI on the stability of HIV-1 CA-NC complexes has not been studied, and therefore, we explored it. For this purpose, we tested the stability of HIV-1 CA-NC complexes in DB buffer supplemented with cellular extracts using increasing amounts of the CAI peptide. Interestingly, CAI destabilized the HIV-1 CA-NC complexes (Fig. 5A) . In contrast, the CAI peptide with a randomized sequence (CAIctrl) did not show an effect on the stability of HIV-1 CA-NC complexes (Fig. 5A) . We also tested the ability of CAI to increase the stability of HIV-1 CA-NC complexes in DB buffer alone. In agreement with the ability of CAI to decrease stability, we found that CAI caused minimal or no increase in the stability of HIV-1 CA-NC complexes in DB alone, which might be due to a crowding effect (Fig. 5B) .
The small molecule PF74 increases the stability of HIV-1 CA-NC complexes. The small molecule PF74 decreases the stability of the HIV-1 core (28), which is composed of hexamers and pentamers (35) . Here, we tested whether PF74 can modulate the stability of HIV-1 CA-NC complexes, which are formed only of hexamers (29) . Interestingly, PF74 increases the stability of HIV-1 CA-NC complexes in a concentration-dependent manner (Fig.  6A ). In agreement with this, PF74 further increased the stability of HIV-1 CA-NC complexes already stabilized by cell extracts (Fig.  6B) . These results suggested that PF74 stabilizes HIV-1 CA-NC complexes.
The small molecule Bi2 (also known as BI-2) increases the stability of HIV-1 CA-NC complexes. We tested the ability of the HIV-1 inhibitor Bi2 (36, 48) , which also targets the HIV-1 capsid, or not (B) with cellular extracts using increasing concentrations of the peptide CAI was measured. As a control, the stability of HIV-1 CA-NC complexes incubated in stabilization buffer was measured. Experiments were repeated at least three times, and fluorescence quantification of the percentage of pelleted CA-NC with respect to input is shown with standard deviations.
FIG 6
The HIV-1 inhibitor PF74 increases the stability of HIV-1 CA-NC complexes. The stability of HIV-1 CA-NC complexes in destabilization buffer without (A) or with (B) cellular extracts in the presence of increasing concentrations of PF74 was measured. As a control, the stability of HIV-1 CA-NC complexes incubated in stabilization buffer was measured. Experiments were repeated at least three times, and fluorescence quantification of the percentage of pelleted CA-NC with respect to input is shown with standard deviations. to affect the stability of HIV-1 CA-NC complexes. For this purpose, we tested the stability of HIV-1 CA-NC complexes in DB buffer using increasing concentrations of Bi2. As shown in Fig. 7A , Bi2 increases the stability of HIV-1 CA-NC complexes in a concentration-dependent manner in DB alone. Similar results were observed when Bi2 was tested in DB supplemented with cellular extracts (Fig. 7B) . These results suggested that Bi2 increases the stability of HIV-1 CA-NC complexes. I-XW-053 and CAP-1 did not show an effect on the stability of HIV-1 CA-NC complexes. The recently described HIV-1 capsid interactor I-XW-053 blocks HIV-1 infection (37). To understand the mechanism by which I-XW-053 blocks HIV-1 infection, we tested whether I-XW-053 influences the stability of HIV-1 CA-NC complexes in cellular extracts. I-XW-053 showed no effect on the stability of HIV-1 CA-NC complexes in DB supplemented with cellular extracts (data not shown). As a control, we also showed that I-XW-053 has no effect on HIV-1 CA-NC complexes when tested in DB alone (data not shown).
We also explored the ability of the HIV-1 capsid inhibitor CAP-1 to influence the stability of HIV-1 CA-NC complexes in DB supplemented with cellular extracts (references 38 and 39 and data not shown). As a control, we tested the effect of CAP-1 on the stability of HIV-1 CA-NC complexes in DB alone (data not shown). Our results suggested that CAP-1 does not affect the stability of HIV-1 CA-NC complexes in vitro.
Stability of in vitro-assembled HIV-1 CA-NC complexes bearing different capsid mutations. To determine whether the assay can measure intrinsic stability defects in different capsid mutants, we measured the stability of HIV-1 CA-NC complexes bearing different mutants. We initially analyzed the stability of the capsid variant 5Mut (Q67H, K70R, H87P, T107N, and L111I), which has been shown to exhibit greater stability (28) . For this purpose, we tested the stability of HIV-1 CA-NC complexes bearing the 5Mut changes (Fig. 8A) . Interestingly, the 5Mut HIV-1 CA-NC complexes in DB were as stable as in SB. These results showed the great intrinsic stability of 5Mut, as previously suggested by the fate-of-the-capsid assay (28) .
Previous observations had shown that 5Mut changes in capsid results in an HIV-1 strain insensitive to the drug PF74 (28, 40) . For this reason, we tested the ability of PF74 to destabilize HIV-1 CA-NC complexes bearing the 5Mut changes. As shown in Fig.  8B , the use of 10 M PF74 did not further increase or decrease the stability of HIV-1 CA-NC complexes bearing the 5Mut changes when incubated in DB or SB. We also tested the stability of the T107N capsid mutant. We found that the T107N capsid variant is more stable than the wild type (Fig. 8C) .
We also tested the stability of the N74D capsid variant. As shown in Fig. 8D , N74D was similar to wild type HIV-1 CA-NC complexes in terms of stability. These results indicated that N74D intrinsic stability is not changed.
Ability of CPSF6 to stabilize HIV-1 CA-NC complexes. Previous observations have demonstrated that CPSF6 expressed in the cytosol of cells blocks HIV-1 infection and dramatically increases the stability of the HIV-1 core during infection, as measured by the fate-of-the-capsid assay (12, 22, 41) . To explore the ability of CPSF6 to stabilize HIV-1 CA-NC complexes, we expressed and purified a fragment of CPSF6(1-321) from insect cells (Fig. 9A) . The CPSF6(1-321) fragment was the result of a screen for soluble and well-expressed constructs in insect cells with the ability to bind in vitro-assembled HIV-1 CA-NC complexes. Next, we tested the ability of CPSF6(1-321) to stabilized HIV-1 CA-NC complexes. As shown in Fig. 9B , the use of increasing amounts of CPSF6(1-321) increased the stability of HIV-1 CA-NC complexes in DB buffer. These results demonstrated that purified CPSF6 stabilizes HIV-1 CA-NC complexes, in agreement with the results showing that CPSF6 stabilizes the HIV-1 core during infection (22, 41) .
DISCUSSION
Here, we created a simple and fast method to test HIV-1 CA-NC complex stability in vitro. Using this novel assay, we have demonstrated that cellular extracts contain stabilizing properties. Interestingly, heat inactivation or trypsinization of cellular extracts eliminated the ability of the extracts to stabilize HIV-1 CA-NC complexes. These results suggested that cellular extracts contain a factor(s) with the ability to stabilize HIV-1 CA-NC complexes in vitro. This assay could be instrumental in the identification of
FIG 7
The HIV-1 inhibitor Bi2 (also known as BI-2) increases the stability of HIV-1 CA-NC complexes. Shown is the stability of HIV-1 CA-NC complexes in destabilization buffer without (A) or with (B) cellular extracts using increasing concentrations of Bi2. As a control, the stability of HIV-1 CA-NC complexes incubated in stabilization buffer was measured. Experiments were repeated at least three times, and fluorescence quantification of the percentage of pelleted CA-NC with respect to input is shown with standard deviations. cellular factors that stabilize the HIV-1 core or assist the uncoating process of HIV-1.
At the same time, we explored the role of macromolecular crowding in HIV-1 CA-NC stabilization. The cellular cytosol contains a high total concentration of different proteins, so it is known as "crowded" rather than "concentrated." Because macromolecular crowding has been shown to affect the properties of proteins (32, 33), we tested whether crowding affects the stability of HIV-1 CA-NC complexes in vitro. By using increasing concentrations of BSA and polyethylene glycol, we demonstrated that macromolecular crowding increases the stability of HIV-1 CA-NC complexes. These results suggested that macromolecular crowding plays an important role in stabilizing the HIV-1 core in the cytosol in vivo.
We also explored the role of cyclophilin A in the stability of HIV-1 CA-NC complexes. Cyclophilin A is a cytosolic protein that exhibits isoprolyl isomerase activity and interacts with the HIV-1 capsid protein (42) (43) (44) (45) (46) . Cyclophilin A is believed to modulate the disassembly process of the HIV-1 core (47) . To directly test whether cyclophilin A modulates the stability of HIV-1 CA-NC complexes, we treated HIV-1 CA-NC complexes with increasing amounts of purified recombinant cyclophilin A. The presence of cyclophilin A destabilized HIV-1 CA-NC complexes in vitro in a cyclosporine-dependent manner. These results suggested that the binding of cyclophilin A to capsid and/or its enzymatic activity destabilizes HIV-1 CA-NC complexes. This work showed for the first time the ability of cyclophilin A to destabilize HIV-1 CA-NC complexes in vitro.
The physiological relevance of the in vitro ability of cyclophilin A to destabilize HIV-1 CA-NC complexes is not straightforward, since the use of cyclosporine in cellular extracts did not increase the stability of HIV-1 CA-NC complexes. One possibility is that cyclophilin A might play a role in facilitating uncoating in vivo; however, this effect is difficult to recapitulate in cell extracts, since the cellular structures have been perturbed.
The peptide CAI decreased the stability of HIV-1 CA-NC complexes. These results are in agreement with the notion that CAI is an assembly inhibitor (34) . Since CAI binds to residues 169 to 191 of capsid, our results suggested that these residues are important for the stability of in vitro-assembled HIV-1 CA-NC complexes.
The capsid-targeting drug PF74, which inhibits infection be- fore reverse transcription (28) , increased the stability of HIV-1 CA-NC complexes in vitro. However, the fact that PF74 decreases the stability of the HIV-1 capsid measured by the fate-of-the-capsid assay suggested the existence of a difference (28) . Unlike the fate-of-the-capsid assay, which measures the stability of cores, which are composed of capsid hexamers and pentamers (35) , our assay measures the stability of HIV-1 CA-NC complexes, which are mainly composed of hexamers. Our results suggested that PF74 stabilizes hexameric capsids. The ability of PF74 to stabilize HIV-1 CA-NC complexes is in agreement with previous findings suggesting that PF74 increases the rate of hexameric capsid assembly (40) . Future experiments will attempt to discover the mechanism by which PF74 stabilizes the HIV-1 capsid hexameric array. We also found that the recently discovered HIV-1 infection inhibitor Bi2 stabilizes in vitro-assembled HIV-1 CA-NC complexes, similar to PF74. These results suggested that Bi2 inhibits infection by stabilization of the HIV-1 core.
Furthermore, we tested whether our assay can measure the stability of capsid variants, such as 5Mut, which is known for its increased stability compared to the wild type (28) . In agreement with this, 5Mut showed increased stability in our assay. Interestingly, the CA-NC T107N variant also showed increased stability. In contrast, the CA-NC N74D variant showed the same stability as the wild type.
Recent reports have suggested that expression of a cytosolic form of CPSF6 dramatically increases the stability of the HIV-1 core during infection, as measured by the fate-of-the-capsid assay (22, 41) . Here, we demonstrated that a purified fragment of CPSF6 stabilizes HIV-1 CA-NC complexes in vitro at concentrations of 20 g/ml. This unique reagent could facilitate the stabilization of cores isolated from infected cells and help the search for novel factors that bind the HIV-1 core.
Overall, this work represents the development of an assay to measure the stability of HIV-1 CA-NC complexes and allowed us to demonstrate that cellular extracts contain a capsid-stabilizing factor. We believe this novel assay might be instrumental in future experiments attempting to isolate factors that interact with the HIV-1 core.
